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Background: The use of Ionic liquids (ILs) as biomass solvents is considered to be an attractive alternative
for the pretreatment of lignocellulosic biomass. Acid catalysts have been used previously to hydrolyze
polysaccharides into fermentable sugars during IL pretreatment. This could potentially provide a means
of liberating fermentable sugars from biomass without the use of costly enzymes. However, the
separation of the sugars from the aqueous IL and recovery of IL is challenging and imperative to make
this process viable.
Results: Aqueous alkaline solutions are used to induce the formation of a biphasic system to recover
sugars produced from the acid catalyzed hydrolysis of switchgrass in imidazolium-based ILs. The amount of
sugar produced from this process was proportional to the extent of biomass solubilized. Pretreatment at
high temperatures (e.g., 160°C, 1.5 h) was more effective in producing glucose. Sugar extraction into the
alkali phase was dependent on both the amount of sugar produced by acidolysis and the alkali
concentration in the aqueous extractant phase. Maximum yields of 53% glucose and 88% xylose are
recovered in the alkali phase, based on the amounts present in the initial biomass. The partition
coefficients of glucose and xylose between the IL and alkali phases can be accurately predicted using
molecular dynamics simulations.
Conclusions: This biphasic system may enable the facile recycling of IL and rapid recovery of the sugars,
and provides an alternative route to the production of monomeric sugars from biomass that eliminates the
need for enzymatic saccharification and also reduces the amount of water required.
Keywords: Sugar extraction, Ionic liquids, Acidolysis, Aqueous biphasic systemBackground
Lignocellulosic biomass is a renewable resource that
may be converted to fuels and/or chemicals [1,2]. Recent
research and development efforts have examined a two
step bioconversion process that involves: 1) liberation of
fermentable sugars from lignocellulose and, 2) conversion
of sugars into fuels and/or chemicals by fermentation
[3,4]. The potential of lignocellulosic biomass to serve as a
renewable feedstock has not been realized, primarily due
to the historical shift towards petroleum-based feedstocks* Correspondence: basimmons@lbl.gov
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reproduction in any medium, provided the orin the 1920s and the difficulty in depolymerization of
lignocellulose into its component monomeric sugars [5].
The use of ionic liquids (ILs) as biomass solvents is an
attractive alternative for the pretreatment of lignocellu-
losic biomass [6]. It has been shown that pretreatment
with imidazolium-based ILs containing anions such as
chloride [7], acetate [8] and alkyl phosphate [9], can
greatly accelerate the subsequent enzymatic hydrolysis
of biomass. Current approaches that use neat IL as the
pretreatment solvent and water as antisolvent to precipi-
tate carbohydrate-rich material require significant amounts
of water to extract residual IL from the precipitated cel-
lulose and undissolved biomass, and also require an effec-
tive means to recover and recycle the IL [8,10]. These
requirements pose significant economic and sustainability. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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nology [11].
Another approach to sugar production using ILs is to
use acid catalysts to produce sugars and other com-
pounds in situ through the hydrolysis of polysaccharides
dissolved in imidazolium chloride [12-15]. Li et al.
reported biomass hydrolysis in ILs with different mineral
acids as catalysts and achieved a maximum 81% liberation
of the total reducing sugars initially present in the biomass
with 1-n-butyl-3-methylimidazolium chloride ([C4mim]Cl)
and hydrochloric acid [12]. The use of Brønsted acid ILs,
which act as both the solvent and catalyst, to dissolve and
hydrolyze cellulose has also been reported [16]. This could
potentially provide a means of liberating fermentable sugars
from biomass without employing enzymatic saccharification
[11,17]. Separation of the sugars from the aqueous IL and
recovery of the IL after acid hydrolysis are challenging and
must be addressed in order to make this process economic-
ally viable.
Rogers et al. reported that certain hydrophilic ILs
could form an aqueous biphasic system (ABS) in the
presence of concentrated kosmotropic salts [18]. Subse-
quently, significant progress has been made that demon-
strates the efficacy of this approach for separation of
biomolecules, small organic molecules, biochemicals,
and radiological isotopes [19-23]. It has been reported
that an ABS can be formed with addition of an appro-
priate amount of K3PO4, K2HPO4, K2CO3, KOH, NaOH,
or Na2HPO4 to an aqueous solution containing [C4mim]
Cl [19,24]. When added to certain aqueous IL solutions,
kosmotropic anions stabilize water-water interactions,
resulting in more energy being required for cavity for-
mation around the bulky organic [C4mim]
+ cation. At a
certain concentration of kosmotropic salts, an aqueous
phase containing chaotropic IL can phase separate with
the salt phase [23]. We describe a process that uses the
phase separation behavior of imidazolium ILs/alkali/
water solutions in tandem with acid catalyzed hydrolysis
to extract the sugars liberated from biomass from the
aqueous IL solutions. This approach offers the potential
of reducing costs of sugar production from lignocellu-
lose by eliminating the need for enzymes and decreasing
the water consumption requirements of more traditional
IL pretreatment approaches.Results and discussion
Alkali extraction using sugar standards
As shown in Figure 1, clear phase separation was obtained
with addition of 2 mL of 15% NaOH to 2 g IL ([C2mim]Cl
or [C4mim]Cl). In the absence of glucose (or switchgrass),
10 wt% NaOH phase separated with both [C2mim]Cl or
[C4mim]Cl. However, upon addition of switchgrass, no
clear phase separation was observed with a final NaOHconcentration of 10 wt%. Therefore, 15 wt% NaOH was
used for processing switchgrass.
In order to determine the partition coefficients of sugars
in water-IL solutions, mixtures of glucose (0.033 g) and
xylose (0.021 g) were added to [C2mim]Cl or [C4mim]Cl
aqueous solutions (ca 43% H2O, sugar concentrations are
equivalent to 5 wt% switchgrass loading). To mimic acid
hydrolysis conditions, 70 uL of 4 M HCl was added to the
mixture. After dissolution, a calculated amount of concen-
trated NaOH (50 wt%) was added. The final concentration
of NaOH in the system was either 15 wt% or 20 wt%, and
the sugar analysis results are plotted in Figure 2. The
reported results (Extraction%) are the percentage of the
sugars in NaOH phase to the sugars in IL aqueous solu-
tion before phase separation calculated using Eq. 1:
Extraction % ¼ Clow  Vlow
Csup  Vsup  100% ð1Þ
where Clow is the sugar concentration of the bottom (alka-
line rich) phase, Vlow is the volume of the bottom phase,
Csup is the sugar concentration of the supernatant before
the addition of NaOH, and Vsup is the volume of the
supernatant used for phase separation (1 mL).
Sugar concentrations before addition of NaOH corres-
pond to 90–100% of the sugars added to the aqueous
[C2mim]Cl or [C4mim]Cl solution, indicating minimal
degradation of sugars under the conditions used for aci-
dolysis. It was observed that more glucose is extracted to
the bottom phase in comparison to xylose. For the upper
IL rich phase, less than 1% glucose or xylose can be de-
tected. The chromatograms of the upper and lower phases
are shown in Additional file 1: Figure S1. It should be
noted that due to the significantly different sugar concen-
trations present, the lower phase aliquot was diluted 3000×
in order to be quantified by High Performance Anion Ex-
change Chromatography (HPAEC); however, the upper
phase was only diluted 5×. The system using [C4mim]Cl
was found to be more efficient, with better extractions for
both glucose and xylose ([C4mim]Cl with 15% NaOH:
96.5% for glucose, 73.9% for xylose vs. [C2mim]Cl with
15% NaOH: 90.1% for glucose, 59.2% for xylose). With
higher concentrations of NaOH, the amount of glucose
partitioned to the lower phase is slightly higher ([C4mim]
Cl: 96.5% with 15% vs. 98.3% with 20%; [C2mim]Cl: 90.1%
with 15% vs. 92.0% with 20%), while the amount of xylose
in the bottom phase decreased ([C4mim]Cl: 73.9% with
15% vs. 60.9% with 20%; [C2mim]Cl: 59.2% with 15% vs.
56.7% with 20%). We hypothesized that this was due to the
degradation of the xylose in strongly basic conditions. Based
on the results obtained with sugar standards, [C4mim]Cl/
15% NaOH system was selected as the system for subse-
quent experiments with switchgrass.
Partitioning of glucose into the alkaline phase is driven







Figure 1 Phase separation with addition of 15% NaOH to the ILs: a) no biomass, left-[C2mim]Cl, right-[C4mim]Cl; b) after acidolysis
of biomass.
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accurately predict this partitioning based on the energetics
of the interactions glucose has with the two solution envi-
ronments, 10 ns molecular dynamics (MD) simulations
were run from which the partition coefficient for glucose
in each of the two phases was calculated according to
Eqs. 2 and 3 using the last 8 ns of the simulation (Table 1).The partition coefficients are calculated from the differ-
ences in interaction energies of glucose with different solv-
ent systems:
logP ¼ ΔΔG
2:3 R T ð2Þ
Figure 2 Percentage of glucose and xylose partitioned to the lower alkaline rich phase using two different NaOH concentrations.
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as:
ΔΔG ≈ΔΔE ¼ Esugar;NaOH phase  Esugar  ENaOH phase
 
 Esugar;IL phase  Esugar  EIL phase
 
¼ Esugar;NaOH phase  ENaOH phase
 
 Esugar;IL phase  EIL phase
  ð3Þ
The calculated interaction energy of glucose with the
NaOH/water systems is more preferred (lower interaction
energy) than the interaction energy of glucose in the IL/
water system, indicating that glucose tends to partition into
the alkaline phase. The more preferred interactions be-
tween glucose and NaOH/water solutions also indicates
that the hydroxyl group forms stronger hydrogen bonds
with the anionic OH- group due to the stronger charge dis-
tribution around the OH- anions. The calculated partition
coefficient is 2.91 and agrees well with the experimentalTable 1 The total potential energies of the simulated
systems
[C2mim]Cl (kcal/mol) NaOH (kcal/mol)
Sugar + system −3998.02 −22477.84
Solvent only −4500.37 −22948.28
ΔE 502.36 470.44
ΔΔE (per glucose) −3.99result of 3.18. These results suggest that MD simulations
can be used to understand the partitioning of monomeric
sugars into various IL/water and NaOH/water systems and
to predict partition coefficients of sugars into these sys-
tems to assist in the choice of the IL.
Biomass pretreatment and acidolysis
It was previously reported that rapid “flash” heating
(higher temperature and shorter time) using certain ILs
to pretreat biomass is more efficient with regards to the
carbohydrate yield and removal of lignin [25]. Previous
results from our group have typically used temperatures
between 120–160°C and time intervals of 1–3 h [26]. In
order to define the best set of conditions for pretreatment
and acidolysis, switchgrass was processed using different
pretreatment combinations of temperature, time and water
addition protocols, and the results are compared in Table 2
and Figure 3. After pretreatment at 160°C for 1.5 h and 5%
solids loading, particles were not observed and the mixture
was a homogenous dark solution. Thus, the pretreatment
time under 160°C was not carried out longer than 1.5 h.
The sugar yields obtained after pretreatment and hydroly-
sis were calculated using Eq. 4:
Yield% ¼ Csup  TVsup
Wsg  Csug  f  100% ð4Þ
where, TVsup is the total volume of the supernatant, Wsg is
the weight of the switchgrass pretreated by IL, Csug is the
percentage of glucan/xylan contained in the switchgrass,
and f is the factor to convert glucan/xylan to glucose/xylose
Table 2 Glucose and xylose yields after acidolysis of biomass in [C4mim]Cl using different pretreatment conditions and
water addition methodsa
Run no. Pretreatment conditions H2O addition method Solid residue (wt%) Glucose yield (%) Xylose yield (%)
1 105°C 6 h Aliquot 34.9 20.7 ± 0.4 99.8 ± 2.6
2b 105°C 6 h Aliquot 34.8 24.2 ± 0.3 98.6 ± 1.8
3c 105°C 6 h Aliquot 34.8 27.4 ± 0.7 95.1 ± 2.0
4 160°C 1 h Aliquot 13.7 37.1 ± 1.2 83.4 ± 3.8
5 160°C 1.5 h Aliquot 6.7 69.4 ± 2.5 81. 9 ± 2.8
6 160°C 1.5 h Pumped @ 10 min 13.8 38.6 ± 2.7 92.6 ± 5.5
7 160°C 1.5 h Pumped @ 15 min 10.2 83.3 ± 1.9 52.1 ± 1.2
a For all runs, 0.5 g biomass was mixed with 10 g [C4mim]Cl;
b 7.5 mL water was added at the end of the acidolysis; c 15 mL water was added at the end of
the acidolysis.
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the final dilution is not necessary since the glucose yield is
improved by 35% with 37% more water in the system and
xylose yields are similar. With increased temperature and
decreased pretreatment time the glucose yield increased
from 20.7% to 69.4%, while xylose recovery decreased from
99.8% to 81.9%, possibly due to enhanced xylose degra-
dation at higher temperatures. Compared to the reported
data, these glucose yields are lower under the 105°C/6 h
pretreatment condition [27]. We attribute these differ-
ences to the different types of biomass used (corn stover
vs. switchgrass), types of IL ([C2mim]Cl vs. C4mim]Cl),
and the scale of the biomass loading (26.7 mg g corn sto-
ver + 502 mg IL vs. 0.5 g SG + 10 g IL), all of which are
essential factors that affect the final yields.
In previous reports [27], water was added at defined
time intervals (0 min, 10 min, 20 min, 30 min and 60 min)
during acidolysis to achieve higher sugar yields. As this
may not be a practical approach to water addition, we
evaluated the impact of pumping water into the system
using a syringe pump, and the results are compared from
runs 5 to 7 Table 2. Runs 6 and 7 indicate that the time
interval when the water was pumped into the system hasFigure 3 Glucose and xylose yield after acidolysis of switchgrass in [C
numbers in Tables 2 and 3.a significant impact on the observed sugar yield. For
example, in run 6, water was pumped in 10 min after the
initial addition of water and acid; the glucose yield was
observed to decrease significantly (Run 5 69.4% vs. Run 6
38.6%) although they were pretreated under the same
conditions: 160°C for 1.5 h. When the reaction interval
was changed to 15 min with 20% water addition per-
formed at 10 min, the glucose yield improved from 69.4%
to 83.3%. We hypothesize that this result can be attributed
to the kinetics of the glucose hydrolysis based on observa-
tions made in previous reports [27], and the optimized
water addition are plotted in Additional file 1: Figure S2.
Figure 3 shows clearly that the maximum glucose yields
occur at the expense of reduced xylose yields, which is
expected, as xylan is easier to hydrolyze compared to glu-
can. At more severe process conditions, more glucan can
be broken down but this also results in spontaneous xy-
lose degradation.
As concentrated sugar hydrolysates are favored for down-
stream fermentation, we explored the impact of higher
switchgrass solid loading levels, and the results are shown
in Table 3. Although more solid residue (absolute mass) re-
mains after the pretreatment-acidolysis process and the4mim]Cl. The number of the x-axis label corresponds to the run
Table 3 Glucose and xylose yields after acidolysis of


















7 5 10.2 83.3 ± 1.9 52.1 ± 1.2 8.0 ± 0.2 3.4 ± 0.1
8 7.5 9.7 55.5 ± 3.0 34.1 ± 2.0 8.3 ± 0.4 3.5 ± 0.2
9 10 9.4 54.4 ± 1.6 32.9 ± 2.8 10.2 ± 0.3 6.7 ± 0.4
10 15 8.0 56.2 ± 3.1 36.7 ± 1.9 15.5 ± 0.8 6.9 ± 0.4
a water was pumped into the system 15 min after pretreatment.
b solid loading is the ratio of the mass of SG to mass of IL.
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and 52.1% vs. 32.9% for xylose), the final glucose/xylose
concentration in the system increased to 15.5 g/L for glu-
cose and 6.9 g/L for xylose. This may indicate that in
order to obtain high sugar concentrations at high yields, a
multi-cycle pretreatment process using this approach
should be considered.
Sugar extraction after acidolysis of biomass
After the acidolysis step, the supernatant was separated
from the solid biomass residue by centrifugation. 1 mL
supernatant was loaded in eppendorf tubes and the cal-
culated amount of concentrated NaOH was added into
the tubes. After vigorous mixing the solution was cen-
trifuged and clear evidence of phase separation was
observed (Figure 1b). Sugar extraction was calculated
based on the percentage of sugars in the alkaline phase
to the sugars present in the supernatant before phase
separation (Eq. 1), and the results are presented in
Figure 4 and Table 4. Overall, more glucose partitioned
to the alkaline phase compared to xylose as observed by
comparing the first two columns in Figure 4 (Runs 1–7).
With higher solid loadings, more xylose partitioned to
the lower phase indicating the effect of biomass compo-
nents such as lignin or carbohydrate oligomers on sugar
partitioning. With higher glucose yields (e.g. Run 7: 83.3%Figure 4 Percentage of glucose and xylose partitioned to the alkaline
yield, XY: xylose yield) in the alkali phase (last two columns, calculate
the run numbers in Tables 2 and 3.vs. Run 1: 20.7%) from the acid hydrolysis, less sugar
partitioned to the lower phase (Run 7: 64.1% vs. Run 1:
98.5%). After extraction, less than 2% of the sugars remain
in the [C4mim]Cl phase. The final sugar yields in the last
two columns of Table 4 (GYNaOH, XYNaOH) represent how
much sugar was recovered in the alkaline phase, calcu-
lated using Eq. 5:
GYNaOHorXYNaOH ¼ Ysug  Esug  100% ð5Þ
where Ysug is the sugar yield calculated according to Eq. 4
and Esug is the extraction percentage calculated based on
Eq. 1. Overall, up to 54% of the glucose or 88% of xylose
in original switchgrass can be released and then extracted
to the alkaline phase (different pretreatment conditions
are required depending on whether C5 or C6 is the focus).
With more glucose recovered, less xylose can be obtained
and a limited amount (< 0.06 g/L) of sugars were detected
in the [C4mim]Cl phase, ca. 50% of the sugars were lost
after the process under the optimized conditions (Run 5
with final sugar yields in alkaline phase: 54.23% for glu-
cose; 47.01% for xylose). It was reported that 82% glucose
yield and less than 18.5% xylose was obtained in the hy-
drolysate after pretreatment of switchgrass (3% w/w bio-
mass loading) in 1-ethyl-3-methylimidazolium acetate
([C2mim]OAc) at 160°C for 3 h followed by 72 h enzy-
matic saccharification [28]. Although the glucose yield
from the acidolysis-extraction process is lower than that
reported using the more conventional IL pretreatment
approach, the significantly higher xylose recovery, elimin-
ation of the extensive washing steps normally required
to remove IL residue in pretreated biomass, and elimin-
ation of the costly hydrolytic enzymes suggest that this
process may offer compelling economic advantages. The
partition coefficients for glucose fall into the same range
as those obtained with the sugar standards (2.96–3.39 vs.
2.91). The partition coefficients for xylose are less than
those for glucose (2.58–3.28). At higher biomass loadingsphase (first two columns) and final sugar yields (GY: glucose
d according to Eq. 5). The number of the x-axis label corresponds to
Table 4 Partition of the sugars after phase separation
Run no. [Glc]IL (g/L)
a [Glc]NaOH (g/L) Log Pglc [Xyl]IL (g/L)
a [Xyl]NaOH (g/L) Log Pxyl GYNaOH (%)
b XYNaOH (%)
b
1 0.004 8.55 ± 0.65 3.33 ND 18.58 ± 1.50 - 22.64 80.33
2 0.002 2.31 ± 0.13 3.06 ND 7.47 ± 0.41 - 15.60 88.26
3 0.001 2.46 ± 0.11 3.39 0.002 3.62 ± 0.24 3.26 25.26 67.19
4 0.007 8.84 ± 0.13 3.10 0.003 5.71 ± 0.10 3.28 20.98 59.05
5 0.016 17.84 ± 0.27 3.05 0.005 8.24 ± 0.05 3.22 54.23 47.01
6 0.008 10.07 ± 0.17 3.10 0.005 8.10 ± 0.17 3.21 29.81 48.15
7 0.018 24.73 ± 1.39 3.14 0.006 7.00 ± 0.65 3.07 53.42 18.07
8 0.020 26.56 ± 0.28 3.12 0.040 15.20 ± 0.49 2.58 35.72 30.23
9 0.023 28.06 ± 0.26 3.09 0.041 26.91 ± 0.42 2.82 27.82 24.46
10 0.036 32.94 ± 2.86 2.96 0.057 30.86 ± 3.19 2.73 16.57 22.91
Note: [Glc]IL or [Xyl]IL is glucose or xylose concentration in the IL phase; [Glc]NaOH or [Xyl]NaOH is glucose or xylose concentration in NaOH phase; ND: not detected.
a The standard deviation is within 20% of the measurement. The deviation is due to the low concentration of the sugars in IL phase and detection limit of the
instrument. bGYNaOH is the final glucose yield in NaOH phase (percentage of the glucose in original biomass); XYNaOH is the final xylose yield in NaOH phase
(percentage of the xylose in original biomass).
Table 5 Quantification of the HMF and furfural in
the system
Run no. % Glu. to HMF % Xyl. to furfural
1 2.16 ± 0.00 6.07 ± 0.01
2 1.79 ± 0.01 6.05 ± 0.02
3 2.05 ± 0.01 5.63 ± 0.02
4 2.95 ± 0.01 5.88 ± 0.01
5 4.79 ± 0.06 8.52 ± 0.02
6 3.25 ± 0.03 9.01 ± 0.02
7 5.14 ± 0.02 10.93 ± 0.00
8 3.66 ± 0.02 4.66 ± 0.04
9 3.20 ± 0.00 6.23 ± 0.01
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xylose are observed to decrease, and the variation of logP
between runs indicates again that other biomass compo-
nents present in the solution may interfere with partitioning.
Sugars can also be lost due to spontaneous degra-
dation to other small molecules during acidolysis and/or
sugar extraction. For example, glucose and xylose can
be dehydrated to furans and other degradation products
under acidic conditions [29]. In order to determine
the extent to which this occurred during acidolysis, 5-
(hydroxymethyl)furfural (HMF) and furfural were quan-
tified in the supernatant as well as the upper and lower
phases, and the results are listed in Table 5. The results
show that only up to 5% of the glucose (equivalent)
was converted to HMF after acidolysis, but more xylose
(5–11%) was dehydrated to furfural. Neither furfural nor
HMF can be detected by liquid chromatography in the
two phases after the addition of concentrated NaOH,
but further work is needed to verify these results as it is
expected that these degradation products would parti-
tion with the sugars.
The [C4mim]Cl content was determined in the alkaline
phase and the results are listed in Table 6. The percent-
age of the [C4mim]Cl present in the lower phase was
found to be dependent on the pretreatment conditions. At
higher temperature and shorter pretreatment time (Runs
4–10), less than 1% of the [C4mim]Cl in the supernatant
is observed to partition to the alkaline phase. Compara-
tively, 5–9% of the [C4mim]Cl partitioned to the lower
phase for runs 1–3 at lower temperature and longer
pretreatment time. The highest [C4mim]Cl content was
found in the alkaline phase with 15 mL water dilution at
the end of the acidolysis. NMR analysis (Additional file 1:
Figure S3) shows that the [C4mim]Cl present in the upper
phase is the same as the signal obtained from the original[C4mim]Cl, while no signal can be detected in the lower
(alkaline) phase with NMR.
Mass balance and characterization of the solid residue
After the acidolysis process, a small quantity of solid was
obtained. This solid residue is expected to be the most
recalcitrant part of the plant cell wall, and different ana-
lytical techniques were used to characterize the material.
X-ray diffraction (XRD) was used to determine the pro-
portions of crystalline (highly ordered) and disordered
components (amorphous cellulose, hemicelluloses and lig-
nin) present in biomass samples, and to monitor the struc-
tural changes upon [C4mim]Cl treatment and acidolysis.
Commercial Avicel was used as a cellulose standard to val-
idate the results. In general, the solid residue recovered
after pretreatment and acidolysis has a significant reduc-
tion in the degree of crystallinity present as compared to
the untreated switchgrass (Figure 5). The XRD patterns are
observed to be dependent on the pretreatment conditions.
At the lower pretreatment temperature (Run 1, T = 105°C),10 4.53 ± 0.00 9.35 ± 0.07
Table 6 Quantification of the IL in the lower alkaline
rich phase
Run Dilution (mL) [C4mim]Cl in
alkali phase (mM)
% of IL to the
alkaline phase
1 0 784.5 5.8
2 1.5 302.6 5.9
3 3 317.0 9.4
4 0 75.2 0.6
5 0 63.5 0.4
6 0 70.6 0.5
7 0 39.9 0.3
8 0 97.2 0.6
9 0 90.3 0.5
10 0 86.1 0.4
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crystal structure very similar to that of the original biomass
(cellulose I). In addition to cellulose I peaks (15–16° for
101 and 101̄, 22° for 002), a shoulder around 21.5° is also
observed, suggesting at least partial conversion to cellulose
II. Overall, the calculated CrI shows a decrease from 0.38
to 0.29 with pretreatment at 105°C for 6 h.
In contrast, the biomass pretreatment at higher tem-
perature results in disappearance of the broad peak at ca.
15–16º, which represents a combination of the 101 and
101̄ planes of cellulose I. The material is highly amorphousFigure 5 Diffractograms of the biomass before and after the process.
solid residue from run 7. CrI of Avicel: 0.74, SG: 0.38, Run 1: 0.29, Run 5: 0.08with a minor crystalline component (CrI = 0.08). The
broad peak around 21.4° may be assigned to the 002 cellu-
lose II lattice plane. This indicates that the solvent IL has
penetrated inside the solid part and disrupted the crystal
structure of cellulose during the higher temperature pre-
treatment. This may explain why higher temperature/
shorter time pretreatment is more efficient in solubilizing
the biomass, thus resulting in more sugar production. An-
other possible explanation for the observed structural
change is that the relative ratio of the three major biomass
components is altered as a result of the pretreatment.
Glucan, xylan and lignin (acid insoluble) contents of
the solid residue were quantified and the results are
listed in Additional file 1: Table S1. After the pretreat-
ment and acidolysis process, the glucan contents in the
solid residue are generally higher as compared to their
relative abundance in the original biomass. Xylan con-
tents are all under 5%, indicating most of xylan has been
solubilized/hydrolyzed. Lignin content in the solid resi-
due is generally close to the original switchgrass for
higher temperature pretreatment (Run 7–10). A mass
balance for Run 7 is shown in Figure 6, and it should be
noted that less xylose is observed in the NaOH phase,
and that a significant amount of the lignin remains in
the IL phase and would need to be removed in order to
recycle the IL.
The solid residue was analyzed with 2D NMR to fur-
ther define the solid residue and the spectra are shownRed, Avicel, Green, switchgrass, Blue: solid residue from run 1, Purple:
.
Figure 6 Representative mass balance of lignocellulose as defined by the process conditions used in Run 7. Lignin/sugars in the solid
samples (stream 1 and 2) were quantified using the standard method [33]; lignin in NaOH phase (stream 5) was quantified gravimetrically by
adjusting the pH of the solution to pH = 2–3 using 4 N HCl; lignin in stream 3 and 4 was calculated by subtraction; sugars in the liquid stream
(3–5) were quantified using HPAEC.
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perdeuterated DMSO/pyridine (4:1, v/v) is a better solv-
ent compared to DMSO-d6 only with regards to sample
handling as well as the resolution and intensities of
NMR spectra [30], and thus a mixture of perdeuterated
DMSO/pyridine (4:1, v/v) was chosen as the solvent.
The aromatic region (4.0–5.5/102–150 ppm) of the 2D
HSQC spectra provides information on the p-hydro-
xyphenyl:guaiacyl:syringyl (H:G:S) distributions in the
lignin. According to the spectra in Additional file 1:
Figure S4, the switchgrass lignin is dominated by G lig-
nin with less amount of H and S units which is consist-
ent with previous results presented in the literature [31].
The correlation of S2/6 (6.78/104.02) and H2/6 (7.24/
127.8; 7.27/128.93) are very weak can only be seen at a
low contour level. The C/H correlations from the G aro-
matic rings (G2, G5 and G6) are well resolved for both
samples, except that G5 (6.88/115.55) is overlapping
with ferulate (FA) and p-coumarate (pCA): FAβ + PCAβ
(6.58/113.83). Ferulates and p-coumarates, attached pri-
marily to arabinoxylans, are readily observed in grass
samples [30,32]. The peak at 7.39/111.03 is assigned to
FA2, and FA6 appears at 7.16/123.20 which is overlap-
ping with the solvent peak (pyridine). After the process
the signals decreased and FA6 can be only observed with
low contour level. The pCA2/6 correlations are well re-
solved at 7.58/130.09 and pCA3/5 position is not re-
solved from G5 units. FAα and FAβ correlations
coincide with pCAα and pCAβ respectively at positions
7.67/145.08 and 6.58/113.83 pm. Integrals from well re-
solved 2,6-positions of each type of lignin can be used to
calculate the H:G:S ratio. The integration results for the
two samples are shown in Additional file 1: Figure S4. In
general, it was observed that all types of lignin signals
have been weakened after the pretreatment and hydroly-
sis process. The S/G ratio decreased from 0.32 to 0.21
after the processing. The anomeric regions (4–5.5/90–105 ppm) indicate that xylan has been mostly removed
with the disappearance of the peaks at 4.60/99.47 and
4.39/101.77 ppm which corresponds to xylan acetate
(2-Ο-Ac-β-D-Xylp) and xylan [(1→ 4)-α-D-Glcp]. The
intensities of the peaks for cellulose reducing ends [Glc
(R), 5.08/92.27 & 4.46/96.98] have been greatly enhanced
in the solid residue, indicating a lower degree of po-
lymerization (DP) after the process. These results indi-
cate that the solid residue has experienced significant
compositional and chemical changes after the acidolysis
and extraction process. Most of the xylan has been re-
moved, whereas lignin and cellulose has been left with
modified structures. 2D NMR shows detailed bonding
structures, however, the dissolution of the samples in
the solvent mixture was not complete, and may not be a
representative fraction of the whole solid residue.
The data presented in Table 7 and Additional file 1:
Figure S5 show the molecular distribution of lignin in
the switchgrass lignin extracted using the enzymatic
mild acidolysis lignin (EMAL) as a control, supernatant
after acidolysis, as well as the IL phase and NaOH phase
after phase separation. The data have been presented as
large molecular weight material (t < 15.5 min elution
time, corresponding to 46 k < u by polystyrene calibra-
tion) and small molecular weight material (t > 15.5 min
elution time corresponding to 46 k > u). It is observed
that after pretreatment and acidolysis the largest com-
ponent present in the EMAL (7–9 min elution time)
is no longer present in the supernatant. Moreover, a
significant reduction in larger molecular weight mate-
rial (< 15.5 min elution time) and an increase in the
smaller molecular weight materials (> 15.5 min) were
observed. This result indicates that lignin has undergone
significant depolymerization during this pretreatment/
acidolysis process at the conditions used. The compo-
nent of large molecular weight material is 70.1% before
pretreatment but is reduced to 46.2% after acidolysis.
Figure 7 2D 13C-1H correlation (HSQC) spectra from gel samples in DMSO-d6/pyridine-d5 (4:1) for the sampes: original switchgrass (A)
and solid residue from run 7 (B).
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is observed between the two phases; only 4.7% of larger
molecular weight material is present in the IL phase,
with the remaining larger molecular weight material mi-
grating to the NaOH phase. The partition of different
molecular mass lignin after phase separation gives rise
to possible fractionation method for lignin.
Conclusions
It has been shown that certain concentrations of NaOH
can phase separate with chloride based ILs ([C4mim]Cl
and [C2mim]Cl) forming upper phase, IL rich and lower
phase, alkaline rich. Both glucose and xylose prefer to
partition to the alkaline rich phase. By combining thissystem with the acidolysis of biomass in IL, sugar mono-
mers can be easily extracted from the aqueous ILs. The
sugar yields depend on both the pretreatment conditions
and alkali concentrations. Pretreatment under higher
temperature results in improved glucose yields but compro-
mises xylose yields. The optimized NaOH concentration
for both phase separation and sugar extraction is 15%.
Maximum yields of 54% glucose and 88% xylose can be re-
covered in the alkaline phase with pretreatment condition
of 160°C for 1.5 h and 105°C for 6 h respectively followed
by acidolysis. Improved sugar yields could be achieved by
further optimizing the amount of acid and water used in
acidolysis step and the alkali salts used for sugar extraction.
Molecular dynamics simulations can be used to predict
Table 7 Lignin molecular weight distribution (calculated
from SEC data in Additional file 1: Figure S5)
Elution time (min) t < 15 t > 15
Molecular mass (u)* 46 k < u 46 k > u
EMAL 70.1% 29.9%
Before phase separation 46.2% 53.8%
IL phase 4.7% 95.3%
NaOH phase 69.8% 30.2%
*Based on polystyrene calibration.
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coefficients are found to be affected by the presence of
biomass.
Consolidated pretreatment and hydrolysis using ILs
and acid catalysts offers a promising route to the pro-
duction of fermentable sugars without the need for en-
zymes. The use of alkali salts to form ABS to recover the
sugars and recycle the IL may provide a scalable and
economical process. The advantages of the process are: 1)
sugars can be released in situ and extracted by alkaline
solution with relatively high yields, and without the need
for any enzymes; 2) the formation of an aqueous biphasic
system enables facile recovery of the sugars and IL recov-
ery at the same time; 3) significantly reduced volume of
water (< 50 wt% of total mixture) is used as compared to
more traditional IL based pretreatment process. Future
research should be focused on recovery of the residual
biomass in the IL rich phase, test the IL recycling effi-
ciency, and desalting of the alkaline rich phase to make it
compatible with downstream fermentation microbes.Methods
Biomass pretreatment and acidolysis of dissolved
biomass
The pretreatment and acidolysis process flow is shown
in Additional file 1: Figure S6. Biomass solutions were
prepared by combining different amounts (0.5 g, 0.75 g,
1 g, and 1.5 g) of switchgrass with 10 g [C4mim]Cl in an
80 mL glass bottle. The mixtures were heated and
stirred in an oil bath at different conditions. All experi-
ments were conducted in duplicates. Solutions were then
placed into another oil bath which was already equili-
brated at the acidolysis temperature of 105°C and
acidolysis started after 15 min equilibration.
Acidolysis was performed following a procedure de-
scribed previously [27]. In summary, 4 M HCl was added
to the biomass-[C4mim]Cl solution (t = 0) at concentra-
tions of 100 mg HCl per g biomass and with DI water
added to give a H2O concentration of 5% (w/w) of the
total weight. More water was added at different time
intervals (10 min, 20 min, 30 min, and 60 min) to result
in targeted water concentrations of 20, 25, 33 and 43%.
Continuous water addition using a syringe pump wasalso attempted to compare the effect on sugar yields.
Water was pumped into the mixture starting from either
10 or 15 min at the rate of 157.2 or 121.1 uL/min for 50
or 45 min. Acidolysis was continued for a total of 2.5 h
and stopped by taking the bottle out of the oil bath
with/without addition of extra amount of water (0, 7.5,
or 15 mL). The mixture was transferred into centrifuge
tubes and centrifuged at high speed (10,000 rpm) to
separate the solid residue from the aqueous solutions.
The solid residue was washed with 5× 40 mL of water,
and after the final wash the sample was lyophilized for
two days for further analysis.
Extraction of sugars using alkaline solution
Extraction of sugar standards
33 mg glucose and 21 mg xylose were used to simulate
the sugar outputs obtained from 0.1 g biomass. These
sugars were dissolved in an IL-H2O mixture (2 g IL +
1.5 g H2O) in a 15 mL centrifuge tube. 70 μL of 4 M
HCl was added to the mixture and mixed in an incuba-
tor at 30°C and 1400 rpm for 30 min. 1 mL of the mix-
ture solution was placed in to a 2 mL eppendorf tube
and different amounts (ca. 130 or 200 uL) of concen-
trated NaOH (50% w/w) were added to give the final
NaOH concentration either 15 or 20 wt% (considering
the water in the system). The mixture was agitated in a
thermomixer at RT and 1400 rpm for 0.5 h and then
centrifuged at high speed (14,000 rpm) to phase sepa-
rate. The upper IL phase and lower NaOH phase were
separated with a pipette and the sugar content was
quantified. The volume of the upper and lower phase
was calculated by measuring the mass and density of
both phases.
Extraction of acidolysis sugars
The procedure is similar to the extraction of sugar
standard except that only 15 wt% NaOH (final concen-
tration, based on the water in the system) was used
based on the results from the sugar standards. The total
volume of the supernatant was calculated based on the
total mass and density of the supernatant after sepa-
ration of the solid residue.
Analysis and characterization methods
All aqueous solutions were analyzed for sugars using
High Performance Anion Exchange Chromatography with
Pulsed Amperometric Detection (HPAEC-PAD) on a
Dionex ICS 3000 equipped with a Dionex CarboPac PA-20
analytical column (3 × 150 mm), according to procedures
described previously [8,33]. Elution was initiated with 89%
(v/v) water and 11% (v/v) 1 M NaOH for the first
13.5 min, with 10 μL injection volume and 0.4 mL/min for
the flow rate. A 5 min gradient was applied and elute con-
centration was then switched to 55% (v/v) water and 45%









NaOH phase with sugar 90 300 0 8
NaOH phase 90 300 0 0
IL Phase with sugar 0 200 32 8
IL phase 0 200 32 0
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arabinose, rhamnose, galactose, glucose, xylose, fructose,
and cellubiose obtained from Sigma-Aldrich were used as
the external standards for HPAEC, and prepared at levels
of 6.25 to 100 μM before use.
Furfural and HMF was analyzed using an Agilent 1200
High Pressure Liquid Chromatography (HPLC) instru-
ment equipped with Aminex HPX-87 H column and a
UV detector ( λ = 280 nm). Eluent containing 4 mM
H2SO4 was used and the flow rate was 0.6 mL/min. Stand-
ard calibration curves were made by using 6 different
known concentrations of furfural/HMF (125–1000 uM)
from Sigma-Aldrich. Ionic liquid was quantified using
reversed phase liquid chromatography using an HPLC
equipped with Eclipse Plus C8 column and Evaporative
Light Scattering Detector (ELSD, evaporator temperature =
45°C, nebulizer temperature = 30°C; gas flow = 1.2). All
analyses were performed at 0.5 mL/min flow rate. The
injection volume was 5 μL and the column temperature
was 30°C.
The chemical composition of the biomass before and
after pretreatment was tracked using an acidolysis proto-
col that followed the NREL Laboratory Analytical Proto-
cols (LAP) LAP-002 and LAP-005 scaled down to the
volumes of the samples [34]. In short, 0.2 g biomass and
2 mL 72% H2SO4 was incubated at 30°C with shaking
rate of 300 rpm for 1 h. The solution was diluted down
to 4% H2SO4 and autoclaved for 1 h at 121°C. The reac-
tion was quenched by placing the samples into an ice
bath and then filtered. Carbohydrate concentrations
were determined using HPAEC and the acid insoluble
lignin was quantified gravimetrically.
XRD data were collected with a PANalytical Empyrean
X-ray diffractometer equipped with a PIXcel3D detector
and operated at 45 kV and 40 kA using Cu Kα radiation
(λ = 1.5418 Å). The patterns were collected in the 2θ
range of 5 to 55°, the step size was 0.026°, and the expo-
sure time was 300 seconds. A reflection-transmission
spinner was used as a sample holder and the spinning
rate was set at 8 rpm throughout the experiment. The
crystallinity index (CrI) was determined from the crystal-
line and amorphous peak areas by a curve fitting pro-
cedure of the measured diffraction patterns using the








NMR samples were ball milled using a Retsch PM 100
planetary ball mill at 600 rpm with a stainless steel
grinding jar (50 mL) containing zirconium dioxide balls
(10 mm × 10). The samples were milled for 6 h with
5 min grinding intervals with 5 min breaks. 25 mg of
these milled biomass samples were mixed with 500 uLpre-mixed DMSO-d6/pyridine-d5 (4:1 v/v) directly in
NMR tubes according to the report by Ralph et al [30].
The tubes were placed into an ultrasonic bath with the
temperature at 50°C and for 8 h to swell/dissolve the
biomass. Heteronuclear single quantum coherence (HSQC)
spectra were recorded at 310 K using a Bruker Avance-
600 MHz equipped with a cryo-probe (hsqcetgpsisp.2, ns =
128, ds = 16, d1 = 0.5 s, td = 1 k, number of increments =
512). DMSO was used as an internal reference. Topspin
was used for processing and analysis of the data.
Size exclusion chromatography (SEC) was employed
to assess changes in lignin mass distribution. An EMAL
lignin of switchgrass was employed as a control [35].
EMAL has shown to be more representative of the total
lignin present in biomass compared to the lignin ex-
tracted using other protocols such as milled wood lignin
(MWL) or cellulolytic enzyme lignin (CEL) [36,37].
Lignin solutions were prepared in analytical grade N-
methyl-2-pyrrolidinone (NMP) and dimethylsulfoxide
(DMSO) (1:1, v/v) with sonication for 3 hours at 40°C.
Polydispersity of dissolved lignin was determined using
analytical techniques SEC UV-A as previously described
[38]. An Agilent 1200 series binary LC system (G1312B)
equipped with a DAD (G1315D) was used. Separation
was achieved with a Mixed-D column (5 mm particle size,
300 mm× 7.5 mm i.d., linear molecular weight range of
200 to 400,000 u, Polymer Laboratories) at 80°C using
a mobile phase of NMP at a flow rate of 0.5 ml min-1.
Absorbance of material eluting from the column was
detected at λ = 300 nm (UV-A). Molecular mass estimates
were determined after calibration of the system with poly-
styrene standards.
Molecular dynamics simulation of glucose in IL-water-
NaOH system
Data from molecular dynamics (MD) simulations were
used to calculate the partition coefficients of the glucose
in the water-IL-sugar-NaOH system to explain the par-
titioning of glucose to the upper (IL rich) phase and the
lower (NaOH rich) phase. Four systems (Table 8) were
constructed using PACKMOL [39]. To simplify the sys-
tems for MD in order to obtain a realistic approximation
of the interactions of glucose with each phase, we designed
the MD simulation systems to match the concentration of
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in basic phase) to correspond to the experimental data.
The appropriate amount of glucose was added to both the
upper and lower phases, and MD simulations were carried
out in each of the two phases. Two reference systems of
the two phases without glucose were also studied using
MD simulations. MD simulations were implemented in
AMBER [40], using an all-atom force field based on the
generalized AMBER force field (GAFF) [41] for [C2mim]
cation [42], the standard Cl- anion force field for chloride
ions, and the carbohydrate force field, GLYCAM [43], for
glucose. The cutoff radius of non-bonded interactions was
set to 8 Å. The Particle Mesh Ewald summation method
[44] was used to calculate the electrostatic potential with
periodic boundary conditions. The initial configurations
were energy minimized using the steepest descent algo-
rithm for 1000 steps to remove any unexpected coordinate
collisions. The systems were then heated for 200 ps in the
NVT ensemble, during which the temperature was in-
creased gradually to the target temperature (300 K),
followed by a further 500 ps of equilibration dynamics in
the NPT ensemble using a Nose-Hoover constant pressure
(P = 1 bar) control algorithm. Finally, 10 ns production
runs were carried out in the NPT ensemble. The time step
for production runs was 2 fs and the SHAKE algorithm
was employed to constrain bonds and angles involving
hydrogen atoms. The last 8 ns of each trajectory were used
for analysis. The simulation box sizes, types of molecule
and their numbers, and related parameters for the various
systems are given in Table 8.
Additional file
Additional file 1: Table S1. Compositions of the major components in
the solid residue. Figure S1 Chromatograms of the upper IL-rich phase
(red, 5× dilution) and lower salt-rich phase (blue, 3000× dilution) for
standard sugars. Figure S2 The addition of water at different time
intervals. More water is needed at 10 min to achieve high sugar yields.
Figure S3a 13C NMR of the original IL, upper (IL rich) phase, and lower
(salt rich rich) phase. Figure S3b 1H NMR of the original IL, upper (IL rich)
phase, and lower (salt rich) phase. Figure S4 Lignin integration results
based on 2D NMR spectra. Blue: raw switchgrass, Red: solid residue after
processing. Figure S5 SEC chromatogram of EMAL lignin from
switchgrass (green), supernatant after acidolysis (blue) and IL phase (red).
Figure S6 Process of biomass pretreatment, acid hydrolysis and sugar
extraction using alkaline solutions.
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